Fluorescent oligonucleotide hybridization probes were used to label bacterial cells for analysis by flow cytometry. The probes, complementary to short sequence elements within the 16S rRNA common to phylogenetically coherent assemblages of microorganisms, were labeled with tetramethylrhodamine and hybridized to suspensions of fixed cells. Flow cytometry was used to resolve individual target and nontarget bacteria (1 to 5 ,um) via probe-conferred fluorescence. Target cells were quantified in an excess of nontarget cells. The intensity of fluorescence was increased additively by the combined use of two or three fluorescent probes complementary to different regions of the same 16S rRNA.
Fluorescent oligonucleotide hybridization probes were used to label bacterial cells for analysis by flow cytometry. The probes, complementary to short sequence elements within the 16S rRNA common to phylogenetically coherent assemblages of microorganisms, were labeled with tetramethylrhodamine and hybridized to suspensions of fixed cells. Flow cytometry was used to resolve individual target and nontarget bacteria (1 to 5 ,um) via probe-conferred fluorescence. Target cells were quantified in an excess of nontarget cells. The intensity of fluorescence was increased additively by the combined use of two or three fluorescent probes complementary to different regions of the same 16S rRNA.
Assessments of diversity, abundance, and activity of water column microorganisms are fundamental to studies in aquatic microbiology. Yet, most past measurements have been compromised by methodology, principally the requirement for pure-culture isolation and the use of subjective criteria for classification. Recent studies in molecular evolution and molecular phylogeny have provided new perspectives and new tools for studies in environmental microbiology. Most notably, the comparative sequencing of homologous biopolymers has served to reveal phylogenetic relationships among microorganisms. Extensive sequencing of the ribosomal RNAs (55 and 16S-and 23S-like rRNAs) has been particularly informative. Sequence divergence among these individual rRNAs has defined the outline of a natural classification of microorganisms (28) . These data can also be used to design hybridization probes for determinative studies in microbiology.
The 16S-like rRNA has been the common target for determinative hybridization probes (1, 25) . By using selected regions within the larger rRNA molecules (16S-and 23S-like rRNAs) as hybridization targets for synthetic oligonucleotides, probe specificity can generally be freely adjusted. Microbial species or subspecies can be distinguished by oligonucleotides complementary to the most variable regions of the molecule (25) . By targeting regions of increasing conservation, probes can be made to encompass specific genera or higher taxons (e.g., the three kingdoms: archaebacteria, eucaryotes, and eubacteria) (29) . Finally, some regions of the rRNAs have remained essentially unchanged in all sequenced species; these can be used as targets for universal probes. Universal probes have been used to measure total rRNA abundance in the environment and to assess differences in cellular rRNA content (1, 25) .
A single Escherichia coli cell has between 104 and 105 ribosomes and, consequently, as many copies of 5S and 16S-and 23S-like rRNAs (15) . Thus, the rRNA is a naturally amplified target for hybridization probes. Giovannoni and co-workers first demonstrated that because of the high copy number, individual cells can be identified by using singly radiolabeled oligonucleotides (10) . More recently, fluorescent dye-labeled probes have been used for the direct microscopic identification of single cells; the term "phylogenetic stain" was coined to describe the unique character of these probes (1, 8) . Although fluorescent antibodies have been applied to the identification of single cells in the environment, their specificity is generally restricted to the species or subspecies level (3, 5, 16, 26) and their development requires previous isolation of the target organism. In contrast, the potential specificity of rRNA-targeted fluorescent probes spans the entire phylogenetic spectrum. Furthermore, based on the extensive 16S rRNA sequence data base, probes can be designed for organisms which have not yet been brought into culture (19) .
Flow cytometry is a well-established method for measuring selected physical and chemical characteristics of individual cells. Multiple parameters (e.g., forward and 900 light scatter and fluorescence emission at wavelengths of interest) can be determined individually for a large number of cells in a short time (up to several thousand cells per second). In the last 5 years flow cytometers have been applied to ecological studies, especially to measure the distribution and abundance of marine picoplankton (6, 14, 18, 20, 23) .
Currently, most applications of flow cytometry to environmental samples make use of various morphological and physiological characteristics of the cells (e.g., size and pigment content of photosynthetic organisms) (20 otic cells has been demonstrated by using biotin-labeled transcription products as probes (2), long probes encompass conserved tracts of sequence and therefore lack the specificity offered by short oligonucleotide probes. Here we document the use of flow cytometry to quantify defined mixtures of bacteria hybridized with 16S-like rRNA-targeted fluorescent oligonucleotide probes. Although the limits of cell size and ribosome content have not yet been evaluated, this approach could extend the use of flow cytometry to direct detection and identification of virtually any microorganism in the aquatic environment.
MATERIALS AND METHODS
Design of oligodeoxynucleotide probes. A data base of about 250 complete and partial 16S rRNA sequences was used to identify probe targets of appropriate specificity. The following oligonucleotides were used (all numberings list the corresponding positions in the E. coli 16S rRNA): (i) eubacterial (5'-GCTGCCTCCCGTAGGAGT-3'), specific for all eubacteria (positions 338 to 355); (ii) sulfate-reducing bacteria (SRB) (5'-CGGCGTCGCTGCGTCAGG-3'), inclusive for most species of the 8-group of purple bacteria (positions 385 to 402); (iii) desulfobacter [5'-T(C/A)CGCA(G/A)ACTCAT CCCCAAA-3'], specific for the genus Desulfobacter (positions 220 to 239); (iv) eucaryotic (5'-ACCAGACTTGCCC TCC-3'), specific for eucaryotes (positions 502 to 516). Figure 1 shows sequence alignments of the 16S rRNA of several microbial species in the target region for these probes.
Source and growth of strains. (10) , and the mixture was stored at -20°C for up to 2 weeks without apparent influence on the hybridization.
Direct counting of cells. The concentration of cells in the fixed suspensions was determined by direct counting of 4',6'-diamidino-2-phenylindole-stained cells on membrane filters (12, 22) . Samples of the fixed-cell suspension were diluted to 1 ml in 0.2-,um-pore-size-filtered water and stained for 10 min in a filter tower by addition of 10 ,ul of a 1-mg/ml stock solution of 4',6'-diamidino-2-phenylindole. Cells were concentrated onto a 0.2-p.m-pore-size membrane filter (25-mm diameter; Poretics Corp., Livermore, Calif.) by applying a slight vacuum. After washing with 1 ml of 0.2-p.m-poresize-filtered water, the filters were mounted in oil and observed immediately by epifluorescence microscopy.
Synthesis and purification of fluorescent oligodeoxynucleotides. The oligodeoxynucleotides were Biosystems, Foster City, Calif.). Tetramethylrhodamine isothiocyanate (Research Organics, Cleveland, Ohio) was covalently bound to the amino group as earlier described (1) . The dye-oligonucleotide conjugate (1:1) was purified from unreacted components (1) and stored at -20°C in doubledistilled water at a concentration of 50 ng/4dl.
Hybridization of fixed cells with fluorescent probes. The purity and quality (intact morphology and high rRNA content) of the fixed cells as well as the quality of the probe were evaluated by hybridization of cells bound to gelatine-coated slides. Small portions (1 to 3 ,ul) of the cell suspension in ethanol-PBS were spread on gelatin-coated slides and allowed to air dry. After dehydration in 50, 80, and 100% ethanol (2 min each), the cells were hybridized at 45°C with probes as previously described (1) . Following hybridization, the slides were washed for 30 min at 48°C in 0.9 M sodium chloride-0.1% sodium dodecyl sulfate-20 mM Tris hydrochloride (pH 7.2). The cells were observed with an Olympus BH2 microscope (Olympus Optical Co., Tokyo, Japan) fitted for epifluorescence with a high-pressure mercury bulb and filter set no. BL 0892 and documented by photography as previously described (1) .
Hybridization for flow cytometric analysis was modified as follows: 1 to 7 ,ul of fixed-cell suspension was transferred to a prewarmed (45°C) 1. (Fig. 2) . The resulting two-parameter histograms of forward light scatter and fluorescence showed well-defined differences between the complementary (D. gigas) and noncomplementary (E. coli) cells (Fig. 3A and B) . The mode relative intensities of fluorescence were 60 for D. gigas and 2.9 for E. coli (Table 1 ). Subsequently both cell suspensions were hybridized with the eubacterial probe, which is complementary to both organisms ( Fig. 3C and D) . As expected, the fluorescence of D. gigas labeled with the eubacterial probe was the same as that with the SRB probe ( Fig. 3C; Table 1 ). E. coli hybridized with this' probe was about threefold less fluorescent than D. gigas ( Fig. 3D ; Table 1 ) but still about an order of magnitude more fluorescent than the same cells hybridized with the noncomplementary SRB probe.
In order to assess nonspecific probe binding, both organisms were hybridized with the eucaryotic probe ( Fig. 3E and  F) . This probe has seven mismatches and one deletion with the 16S rRNA of both D. gigas and E. coli (Fig. 1) . The E. coli fluorescence with the eucaryotic probe was very low and, as expected, comparable to that of hybridization with the SRB probe ( Table 1) . Although D. gigas fluorescence with the eucaryotic probe was significantly less than with either the SRB or eubacterial probe, it was more fluorescent than E. coli hybridized with the same probe. This was evidenced by a population clearly separated from the noise ( Fig. 3E; Table 1 ). Since this positive signal persisted in the presence of a 50-fold excess of unlabeled eucaryotic probe, it apparently does not represent oligonucleotide hybridization to alternative sites on the rRNA. It originates in part from autofluorescence of the fixed D. gigas cells. Autofluorescence of D. gigas is significantly higher than that of E. coli (Table 1) . Also, nonspecific binding of the dye-oligonucleotide conjugate to other cellular constituents could contribute to fluorescence; unlabeled oligonucleotide is not a competitor.
Detection and enumeration of specific cells in mixtures.
Defined mixtures of D. gigas and E. coli hybridized with the SRB probe were used to determine the utility of this technique for enumerating specific bacteria against a background of nontarget cells. Cell concentrations of the fixed-cell gigas (1.2 x 108/ml) and E. coli (7.0 x 108/ml) cell suspensions were mixed to give final concentrations of D. gigas of 50, 20, 3, and 0.8% of the total cell number. The mixtures were then hybridized with the SRB or eubacterial probe and analyzed on the flow cytometer. Hybridization with the eubacterial probe provided a total cell count.
Target cells comprising as few as 3% of the total were clearly visible as a well-separated population (Fig. 4) . In order to enumerate the cells of interest, a bitmap that surrounded the area in which homologous hybridized cells appear on the two parameter plot was generated (Fig. 4) . The results of the flow cytometric analysis ( The relatively high levels of background fluorescence evidenced in this study likely will be reduced by improved hybridization protocols. To avoid clumping and cell loss, the current protocol does not include removal of unbound probe or a high-stringency washing step. Finally, precise relative abundance and activity measurements (as assessed by cellular ribosome abundance) should be possible by the combined use of general and specific probes labeled with different fluorochromes. In this configuration, the intensity of a specific hybridization signal could be normalized to the intensity of bound universal probe, thereby correcting for cell-to-cell differences in rRNA content or availability.
